A full treatment of topographic effects on the seismic wavefield requires a 3-D treatment of the topography and a 3-D calculation for the wavefield. However, such full 3-D calculations are still very expensive to perform. An economical approach, which does not require the same level of computational resources as full 3-D modelling, is to examine the 3-D response of a model in which the heterogeneity pattern is 2-D (the so-called 2.5-D problem). Such 2.5-D methods can calculate 3-D wavefields without huge computer memory requirements, since they require storage nearly equal to that of the corresponding 2-D calculations.
INTRODUCTION
The influence of topography in the immediate neighbourhood of the seismic source is of considerable interest in two disparate classes of problem. The way in which the ground motion at the surface is modified by topography is of major interest in seismic hazard assessment, and in this case interest is focused on the near-field environment of the source, In addition, the influence of topography on far-field radiation can be significant in teleseismic studies, especially for discrimination between shallow underground nuclear explosions and earthquakes, since nuclear device emplacement by horizontal adit is feasible in mountainous regions.
A full treatment of the influence of such topography on the wavefield requires a 3-D treatment of the topography and a 3-D calculation for the wavefield. Recent advances in highperformance computers have brought such (3,3)-D calculations just within reach. We have used here a notation (w, h) to indicate the spatial dimensionality of the wavefield (w) and the heterogeneity of a medium (h). Finite-difference calculations have been performed for such large-scale (3, 3)-D media by Frankel & Leith (1992) , Frankel & Vidale (1992) and Yomogida & Etgen (1993) . However, such full (3,3)-D calculations are still very expensive to perform because of the large memory requirements. Nevertheless, in order to provide a quantitative analysis of real seismic records from complex regions we need to be able to calculate the 3-D wavefields.
An economical approach which does not require the same level of computational resources as (3,3)-D modelling is to examine the 3-D response of a model in which the heterogeneity pattern is 2-D. Such (3,2)-D wave modelling (the so-called 2.5-D problem) can provide useful results for many problems of practical interest. Luco, Wong & De Barros (1990) proposed a formulation for a 2.5-D indirect boundary method in order to obtain the 3-D response of an infinitely long canyon, in a layered half-space, for plane elastic waves impinging at an arbitrary angle with respect to the axis of the canyon. Randall (1991) developed a 2.5-D velocity-stress finite-difference tech- nique to calculate waveforms for multipole excitation of azimuthally non-symmetric boreholes and formations. Okamoto (1993) also presented a 2.5-D finite-difference method to simulate the teleseismic records of a subduction earthquake. Furumura & Takenaka (1996) developed an efficient 2.5-D formulation for the pseudo-spectral method for point-source excitation and applied it successfully to modelling the waveforms recorded in a refraction survey. Such 2.5-D methods can calculate 3-D wavefields without huge computer memory requirements, since they require storage of the same size as for the corresponding 2-D calculations.
In this paper, we consider the problem of the interaction of the seismic wavefield with 2-D irregular topography for excitation by a point source, which may be either an explosion or a double couple. The numerical treatment is based on an extension to the (3,2)-D case of the discrete wavenumberboundary integral equation method introduced by Bouchon (1985) and Gaffet & Bouchon (1989) to study the (2,2)-D topographic problems. Thus we employ a 2.5-D discrete wavenumber-boundary integral equation method. 2-0 topography and the 3 -0 seismic wavefield 743 0 invariant in the y-direction, and is represented by the relation s: z=s(x,y), -02 < x , y < +a.
(2.1)
The cross-section of the surface S in the x-z plane is denoted by C, and is described by c: z=c(x)=s(x,O) , -0 2 < < < + + .
(2.2)
We set the y-coordinate of the source position at y = 0 without loss of generality. Fig. 1 shows the schematic configuration of the relation of the source and the topography. A time depeng. 
topographic problems
Consider a homogeneous isotropic medium with an irregular surface (free surface) S subject to a harmonic excitation by an incident wave radiated from a point source. We take a Cartesian coordinate system [ x, y, z] with the z-axis taken positive downwards. We assume the shape of free surface is A boundary integral equation for the 2.5-D dence exp( + iwt) will be assumed throughout, but will be suppressed in the equations. The total displacement field in the half-space can be represented as u(x) = U"(X) + US"(X), (2.3) where the superscripts ' I N and 'SC' denote the incident and scattered wavefields, respectively. Following an indirect boundary integral equation approach (see e.g. Bouchon 1985), the scattered fields are represented by distributed body forces along the diffracting surface (Huygens' principle). The scattered displacement field in the half-space can then be written as 
where G is a full-space displacement Green's function tensor whose entry Gij(x; x') corresponds to the ith component of the displacement vector at x due to a unit harmonic force in thejth direction at x' (see e.g. Aki & Richards 1980) andflx') is an unknown body-force vector at x'. On performing a Fourier transform of (2.3) and (2.4) with respect to y we obtain the full wavefield and the scattered contribution in the form 
where we have used the notation
and we have also employed the coordinate-shift property of the full-space Green's function for homogeneous media:
The traction field in the half-space can be expressed in the (x, k,, z ) domain, in a similar way to the displacement field, as
where H is the full-space traction associated with the Green's tensor in the (x, 4, z) domain.
The free-surface boundary condition in the mixed coordinate-wavenumber (x, k,, z) domain is given by
(2.9)
On inserting (2.8), we obtain a boundary integral equation in z-comp. the (x, k,, z ) domain:
It should be noticed that, for a fixed value of the wavenumber k,, this integral equation depends on only two space coordinates, i.e. x and z . We call eq. (2.10) the 2.5-0 boundary integral equation. If this integral equation can be solved, the displacement in the (x, k,, z) domain can be obtained from (2.5). The displacement in the space domain can then be derived by an inverse Fourier transform over the y coordinate. For each value of k,, eqs (2.5), (2.8) and (2.10) can be solved as independent 2-D equations, because in this configuration with 2-D topography there is no coupling between waves of different k,. This property arises from the y-shift-invariance (i.e. spaceinvariance in the y-direction) of the 2.5-D system, i.e. the relation (2.7). In a full 3-D calculation there would be coupling between different k, components (Fig. 2 ).
Discrete wavenumber solution
In general, eq. (2.10) cannot be solved analytically, so a solution must be sought by numerical procedures. The kernel of the integral equation (2.10) has a singularity at (x,z)= (x', z'), and so we must exploit numerical methods that can avoid this singular behaviour. Furthermore, the infinite extent of the free surface is not tractable in a numerical procedure, and so we must truncate in order to deal with a finite region for computational purposes. One of the simplest approaches to the numerical evaluation of the integral equation (2.10) is a discrete wavenumber representation (Bouchon 1985; Gaffet & Bouchon 1989) , which introduces a horizontal spatial periodicity in the surface shape and source configuration and employs a truncated Fourier series in place of the actual Green's function.
The numerical solution of eq. (2.10) requires a discretization of the boundary C. To this end, body forces are applied at equal spacing Ax along C. The integrals in eqs (2.5), (2.8) and (2.10) are then to be replaced by discrete summations to give . .- The displacement and traction Green's functions can be represented as a superposition of plane waves, i.e. as a wavenumber integral. We assume the source medium configuration to be periodic along the x-axis with repetition length L,, so that the radiation from each body force can be computed using the discrete wavenumber representation ( 
, M )
as the sampling points at which we perform matching to solve eq. (2.16) by the collocation method (using the finite summations over kxl).
In actual calculations, we must also discretize the y-component of the horizontal wavenumber k,. This discretization can be achieved by assuming the source configuration to be periodic along the y-axis as well as along the x-axis (Bouchon 1979) . A repetition length L, along the y-axis gives k,, (kyn = 27cn/L,; n: integer). The total displacement can then be represented as
where the y wavenumber summation is truncated at n = N . When the force system describing the source has either symmetry or antisymmetry in the y-coordinate, the number of k, calculations can be reduced by a factor of nearly 2. When the source is symmetric with respect to y, such as for the single forces f, and f, and the moment tensor components M,,, My,, M,,, M,,, and ME,, (2.17) can be simplified to
The x-and z-components of displacement field ux, u, are then even functions with respect to y , while the y-component u, is an odd function with respect to y.
When the source is antisymmetric with respect to y , such as for a single force f, and the moment tensor components M x y , My,, M y , and M z y , (2.17) can be reduced to the scattered wavefield into P-and S-wave parts. In the mixed coordinate-wavenumber domain (x, k,, z), the scattered wavefield can be represented as
where GP and Gs are the P-and S-wave parts of the Green's function tensor 6 (see Appendix). In order to recover the Pand S-wave contributions in the space domain, we can make Since any force system of sources can be decomposed into symmetric and antisymmetric components with respect to y and represented as a linear combination of them, the formulae (2.18) and (2.19) can also be used in the case of a source that does not have simple symmetry and antisymmetry in the y coordinate.
Decomposition of scattered wavefield into P-and S-waves
An advantage of the method described in the previous subsection is that it leads to a convenient decomposition of use of the formulae (2.17), (2.18) or (2.19) to invert the spatial transforms.
APPLICATIONS
We will illustrate the (3,2)-D wavefield calculations for a number of different source configurations in models with both elevated and depressed topography at the free surface of a uniform half-space. We will use the same functional form for the cross-section c ( x ) of the free surface (Sills 1978; Gaffet & Bouchon 1989) for all the numerical examples of topography in this section: We will also employ a source-time function in the form of a zero-phase Ricker wavelet with a central frequency of 2 Hz:
The temporal moment tensor for the source, Mij(t), is then represented as
where M i j is the constant tensor, henceforth referred to as 'moment tensor'. In all calculations in this section, we use the repetition length L, = L, = 20 km and the truncation of the wavenumber at components M = N = 50.
2-0 topography and the 3-0 seismic wavejield
X=l.8 (d)
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Explosion source
We will illustrate the power of the 2.5-D computational procedure by comparing three different source configurations: first the very simple case of a plane free surface and then two models of a mountain with different source positions. The cross-sections of the three cases in the plane y = 0 are shown in Fig. 3 . Rather than display the whole wavefield we will concentrate on the P and S contributions to the scattered field and will compare snapshots of the displacement components at the free surface as well as record sections parallel to the axis of the topography at 1 km x-offsets from the source position, which lies on the flank of the topography.
In the case of a plane free-surface, the scattered field represents the difference between the wavefield expected for a whole-space and that for a half-space. In consequence, the horizontal-displacement snapshots (Figs 4a, b) show a radial symmetry about the source position in the centre of the display. At shorter elapsed times, when P waves are more prominent, we can see the P wavefield associated with the reflection process move out across the free surface followed by larger scattered S waves. The locus of Rayleigh-wave energy can be recognized by the coincidence of P and S components in the field induced by the presence of the free surface. The verticalcomponent record sections for a fixed x-coordinate, 1 km offset from the source position (Figs 4c, d) , show that the maximum contribution to the scattered P-wave component comes in a 45" cone about the source, but weaker effects persist to wider angles, where the scattered S wave is somewhat stronger. Following the P-wave disturbance with some delay is the Rayleigh wave, which is more readily seen in the scattered S wavefield. Once topography is introduced, however, the patterns of the scattered waves become much more complex. The snapshots of the horizontal components of the scattered fields with the source immediately below the mountain range (Figs 5a, b) indicate dominant patterns perpendicular to the mountain ridge, with a dearth of energy on the crest. The patterns are very different from those without topography and indicate the profound modification to the wavefield introduced even by simple 2-D topography. The record sections of the vertical components of the scattered P and S contributions (Fig 5c, d) show a comparable modification to the snapshots. There has been an amplification of the scattered P waves within a 60" cone about the source ( I y l < lS), even for the illustrated profile which is parallel to the axis of the ridge. In the same distance range, the change in waveform for the scattered S waves is even more noticeable, and the amplitudes for small y overshadow the Rayleigh-wave contributions, which become slightly more prominent farther from the source. The apparent source of the Rayleigh waves lies at the locus of the change of slope in the topography, at x = 1.5.
With the offset explosion source illustrated in Fig. 6 
Double-couple source
One of the most significant advantages of the 2.5-D calculation scheme is that calculations are performed for a point source and so it is possible for us to take into account the 3-D radiation pattern from the source. We will illustrate such calculations for a valley structure using a strike-slip fault model at a depth of 1 km, with a strike parallel to the axis of the structure (i.e. a moment tensor M,, = My, = 1, all other components zero). Because of the symmetry in the radiation pattern, the calculations will also be appropriate for a fault with a strike along the x-axis perpendicular to the topography. We will compare two sets of calculations with different horizontal source positions. In the first case, Fig. 7 , the source lies directly beneath the valley; whilst in the second case, Fig 
DISCUSSION
We have demonstrated the versatility of a (3,2)-D wave propagation scheme for examining the 3-D character of the seismic wavefield excited by a point source in a model with 2-D topography. The discrete wavenumber-boundary integral equation (DWBIE) procedure, coupled with a Green's function decomposition into P-and S-wave contributions, provides a flexible and effective means of evaluating the seismic wavefield which can readily be used to construct a movie for various aspects of the propagation. Many of the elusive features introduced by topography are best recognized in such a dynamic presentation, rather than in the simple snapshots used here. We have illustrated the 2.5-D DWBIE approach with simple analytic models of topography, but for this technique there is no restriction to small or simple topography. In our treatment above we have concentrated on the near-field aspects of the seismic wavefield. The procedure can, however, be readily adapted to consider far-field effects induced by near-source topography. The wavefield can be evaluated on a reference surface some way below the source and then transferred to teleseismic distances using other propagation techniques.
D is a layer matrix whose entries d J i = 1, . . . , 8 ; j = 1, . . . ,4) are In the expressions (A2) and (A3) we have employed x-symmetry or antisymmetry of each Green's function tensor element to reduce the range of wavenumber summation by half (i.e. non-negative kXr only). The Green's function tensor shown above can be decomposed into P-and S-wave parts. The P-wave part is derived by resetting $; , $; and $z(q = x, y, z) in (A8) to zero, while the S-wave part is obtained by resetting bq to zero instead.
